Soil organic matter (SOM) supports the Earth's ability to sustain terrestrial ecosystems, provide food and fiber, and retains the largest pool of actively cycling carbon.
| INTRODUCTION
Soil organic matter (SOM) governs many physical, chemical, and biological characteristics of soils, and is one determinant of a soil's capacity for fertility, ecosystem productivity, and CO 2 sequestration. Thus SOM, and its main constituent soil organic carbon (SOC), interacts with several aspects of the Earth system and its services to society (Banwart et al., 2014) , including food, fiber, water, energy, cycling of carbon (C) and nutrients, and biodiversity. Large land areas (up to 6 billion ha) are estimated to be in some state of soil degradation (Gibbs & Salmon, 2015) , associated in many cases with deficient stocks of SOM. Increasing SOM content, and thus SOC storage, can improve the state of soil and ecological sustainability, and because SOC stocks are large globally, widespread adoption of sustainability can also contribute to climate change mitigation by capturing atmospheric CO 2 .
SOM and SOC research has traditionally been dominated by at least two scientific communities that have been publishing in rather disparate types of journals (Supplemental Materials SM2a), one focused on soil science/soil health, and the other focused on the terrestrial C cycle and global biogeochemistry. Soil health or quality is a concept formalized in the 1990s to describe soil management practices that enhance the biological, chemical, and physical properties of soil. Terrestrial C cycling typically refers to the exchange of land-based C with atmospheric CO 2 and CH 4 although aquatic systems and flows are closely intertwined as well. Owing to the very large and dynamic stocks of soil C globally, the role of soils in climate regulation has been increasingly studied in the context of ecological and geological perspectives that link organic matter processing to C, nutrients, productivity, hydrology, and landscape dynamics. As a result, conceptual frameworks and simulation models have become quite elegant and sophisticated in representing both site-based, land management options and global scale syntheses. As the goals of these communities converge, we are presented with an opportunity to combine and transform our knowledge, databases, and mathematical frameworks for the benefit of environmental health and humanity.
At the global scale, SOM is one of the largest and actively cycling C reservoirs (Ciais et al., 2013; Jackson et al., 2017) and is subjected to direct human activities impacting over 70% of C stocks in the upper meter of soil. Globally soils store 1,300-1,500 Pg of C in the top meter ( Figure 1a ). Much of this SOC is in lands, impacted F I G U R E 1 Soil organic carbon stocks and areas currently under land use practices. (a) Spatial variability of soil organic carbon (SOC) stocks in the upper meter of soil (where 1 kg C m À2 = 10 Mg C ha À1 ), based on the WISE 3.1. database (Batjes, 2016) . ; Minasny et al., 2017) could compensate for total emission projections from permafrost-C due to the climate feedback (Koven et al., 2015 ; mean and range of projection until 2100 under RCP8.5) and the projected impact of "human land use," defined as land use change, agricultural representation, crop harvest, and management (Pugh et al., 2015 ; mean and ensemble range of projection until 2100 under RCP8.5). Note that harvest from forestry is not included in this last projection [Colour figure can be viewed at wileyonlinelibrary.com] 
land use data shows that the majority of near-surface SOC stocks are directly affected by human activities today (Figure 1c ).
Efforts such as the "4-per-1000" program, a global initiative to reduce atmospheric CO 2 through soil C sequestration (Minasny et al., 2017) , demonstrate that many soils in managed systems could offer an opportunity for climate regulation. While uncertainties are very large, it is evident that land management practices can lead to C gains from 0.01 to 0.07 kg C m À2 year À1 (Minasny et al., 2017; Paustian et al., 2016; Smith, Martino, Cai, Gwary, Janzen, Kumar, et al., 2007) . If these numbers are applied across all Earth's managed lands, there is an opportunity to sequester several Pg C year À1 globally ( Figure 1d ). While not all lands are likely to be managed consistently, this maximum estimate could potentially offset future C emissions from permafrost (Koven et al., 2015) or the combined projected emissions from land use change and agricultural management (Pugh et al., 2015 ; projected emissions in Figure 1d ).
The ability to detect shifts in SOC and to potentially increase SOC storage is important for scientific and societal challenges in the face of rapidly changing terrestrial landscapes. However, detecting changes in SOC is problematic owing to the complex temporal and spatial scales at which we need to measure and predict change. For example, estimates of future SOC dynamics range widely, and recent compilations of soil radiocarbon suggest that global models underestimate the transit time of C in soil, biasing estimates for soil C sequestration in future years (He et al., 2016) . Meanwhile, conceptual frameworks for SOC stabilization are also changing, challenging the science community to shift methods and measurements to test alternative models. For example, paradigms and metrics of SOC stabilization and destabilization (herein referred to as SOC (de)stabilization) have been shifting (Lehmann & Kleber, 2015; Schmidt et al., 2011 (Cox et al., 2013; Wang et al., 2013; Wang et al., 2014) . The smaller apparent role of precipitation globally or across the tropics results from large spatial heterogeneity in precipitation. Unusually, dry and wet regions cancel each other out when averaged globally, which can obscure an often stronger local/regional precipitation control of ecosystem fluxes Jung et al., 2017) .
Long-term changes in SOC are particularly difficult to capture with measurements. Fluxes of heterotrophic respiration, for example, can be measured only at fine spatial and temporal scales (BondLamberty et al., 2016) whereas observing short-term changes in SOC pools is reduced to detecting small changes relative to a large pool of bulk SOC (Stockmann et al., 2013) . While radiocarbon measurements suggest that the majority of bulk SOC is much older (He et al., 2016) , and hence, not very active, long-term changes in SOC storage could be governed by processes other than those that determine short term fluxes. It is increasing clear that understanding changes and variations in SOC requires a robust understanding of processes and mechanisms that underlie stabilization, protection, and destabilization of SOC.
2.1 | Understanding mechanisms underlying storage and (de)stabilization of SOC Changes in SOC are generally based on assessments of stocks and some metric of turnover, residence, or transit time (He et al., 2016; Sierra, M€ uller, Metzler, Manzoni, & Trumbore, 2017) . Assessments of SOC stocks and transit times remain a critical constraint on the e708 | ability of models to predict CO 2 exchanges and their responses to environmental and land use pressures (Todd-Brown et al., 2013) .
Advancements in measurements and numerical models must be grounded in our best understanding of the processes controlling SOC dynamics across scales (Hinckley, Wieder, Fierer, & Paul, 2014) .
Currently, most global model frameworks rely on state-factor theory (Campbell & Paustian, 2015) , where soil properties are the product of a suite of factors including climate, biota, topography, parent material, and stage or age of pedogenesis (Jenny, 1941) , superimposed with major land uses such as deforestation or agriculture (Amundson & Jenny, 1991) . Under this framework, global-scale spatial heterogeneity of SOC is a direct reflection of variation within these factors and, accordingly, will vary with climate and land use change. A quantitative and predictive understanding of how soil and ecosystem properties interact to regulate SOC remains elusive due to interactions and interdependencies of the state variables with local-scale physicochemical and biological processes that also influence the (de)stabilization of SOC.
Mechanisms of C stabilization and destabilization are of particular importance for establishing a predictive understanding of SOC dynamics because these same mechanisms presumably drive vulnerabilities (to emission) and opportunities (accumulation or sequestration) under changes in climate, management, or other disturbances.
A quantitative understanding of SOC pool dynamics requires a quantitative understanding of both processes and mechanisms leading to (de)stabilization. A process represents a fundamental sequence of actions or steps that leads to a particular outcome, whereas a mechanism reflects the combined interaction of processes ( Figure 2 ). Processes are often more directly measurable than mechanisms and, therefore, a more fundamental construct for incorporation into models. We tend to classify mechanisms of SOC (de)stabilization as being primarily biological, physical, or chemical (Six, Conant, Paul, & Paustian, 2002 ; Figure 2 ), but many mechanisms cross these boundaries due to interactions among processes. The past two decades brought substantial advances in our conceptual understanding of mechanisms of SOC (de)stabilization (Lehmann & Schmidt et al., 2011 ). Yet, quantitative representations of these concepts in global and regional models lags, due in part to a lack of data synthesis to connect concepts and models, as well as a lack of incorporation of local-scale understanding of SOC dynamics.
Understanding the mechanisms of SOC (de)stabilization, the underlying processes driving soil change, and the relationships between processes and drivers at various spatial scales is needed to evaluate potential changes in SOC stocks. To address this need, an emerging priority is to conduct and synthesize manipulative field, greenhouse, and laboratory experiments that specifically target processes and drivers at a variety of spatial and temporal scales (see section 2.2. and Figure 3 ). Examples include experimental manipulations that target specific processes, such as the Detritus Input and
Removal Treatments that manipulate organic inputs to soil (e.g., Lajtha, Bowden, & Nadelhoffer, 2014) , the international Soil Experimental Network that warms deep soil (Torn et al., 2015) , DroughtNet that manipulates precipitation as well as natural environmental gradients of temperature and soil moisture (Giardina, Litton, Crow, & Asner, 2014) . By coupling broadly distributed and comparable data synthesis efforts with process-based models, we have the F I G U R E 2 Processes controlling soil organic carbon (SOC) pools and the mechanisms involved in stabilizing SOC. Isolation = physical disconnection (e.g., Schimel & Schaeffer, 2012) ; Cryo = cryopreservation; Pyrogenesis = fire residues; Mineral = mineral interaction; Inputs = microbial and plant residues that influence desirability or access to microbes (e.g., Kallenbach, Frey, & Grandy, 2016 ; Nature Communications); Nitrogen = nitrogen or other nutrient limitations (e.g., Averill, Turner, & Finzi, 2014) [Colour figure can be viewed at wileyonlinelibrary.com] C signal ("bomb C") has allowed tracing and dating of SOC at annual timescales (Trumbore, 2000) . Density and size fractionation techniques have helped to distinguish more rapidly cycled SOC from protected, less rapidly cycled C (Gregorich & Janzen, 1996; Jastrow, 1996; Kong, Six, Bryant, Denison, & van Kessel, 2005) . responses of SOC to forest management can be generalized across soil and ecosystem types. In addition, the lack of spatially explicit assessments (e.g., maps, geostatistical models) of forest management impacts on SOM highlights our challenge to quantify SOC stocks and the complex spatiotemporal processes involved in scaling. Given these limitations, methods of quantifying the spatial distribution and controls on forest SOM across scales are needed for forest practices.
These applications may be aided by promising advances in digital soil mapping (Mansuy et al., 2014; Mishra & Riley, 2015) and spatially explicit soil carbon assessments (Domke et al., 2017 ; Soil Survey
Staff 2013).
Croplands have been managed for more than two decades in ways that benefit soil conditions and reduce greenhouse gas emissions (e.g., Paustian et al., 2016; Smith, Martino, Cai, Gwary, Janzen, Kumar, et al., 2007) . There are many practices influencing SOC storage in croplands. These include tillage management (in some cases, Powlson et al., 2014) ; crop rotations and cover crops (Poeplau & Don, 2015) ; improving crop production through fertilization and irrigation management; selection of high residue yielding crops; crop intensification by removing bare fallow management in a cropping system; application of silica residues to reduce greenhouse gas emissions (Gutekunst, Vargas, & Seyfferth, 2017) ; and application of organic amendments with manure or biochar.
Despite existing knowledge, there is a limited ability to accurately estimate the changes in SOC, particularly at smaller scales
Creating conditions to optimize the effectiveness of land use to sequester soil organic carbon. Actors involved in managing lands for soil management change in response to the scale and level of information needed. Evaluating and implementing practices (Y axis) starts with scientists working with land managers and propagates through broader spatial scales and policies as goals are defined, communicated, and met. Major actors can vary with each step, with activities shown in the gray boxes. Arrows represent flows of information. In this example, the step-wise progress from local to more regional scales represent the increasing opportunity to impact both productivity and CO 2 sequestration through soil C sequestration HARDEN ET AL.
| e711 (Ogle et al., 2010; Paustian et al., 2016) . For example, mechanistic understanding such as the effect of tillage management on aggregate dynamics (Six, Elliott, & Paustian, 2000) , has not been effectively incorporated into modeling frameworks. Biochar amendments have emerged as one of the most promising practices for sequestering C in agricultural soils (Lehmann, 2007) , but there are still questions about the impact of biochar on SOM dynamics (Knicker, 2011) . Efforts to incorporate agricultural SOC sequestration into policy programs have been plagued by lack of understanding about the longer term impacts of pervasive warming on SOC pools (Conant et al., 2011) , which could vary widely depending on the response of microbial communities (Wieder, Cleveland, Smith, & Todd-Brown, 2015) . Communication of our science starts with restructuring and broadening the soil data that are shared within and by ISCN, allowing for different types of data, and discovering new ways to share data without compromising its attribution and credits. To increase the potential impact of SOC science and to better impact land management practices, it also is beneficial to frame and disseminate our information in the context of both soil health and climate regulation.
| THE ISCN AS
For example, given some knowledge of the dominant processes leading to C stability in a given soil (path A, Figure 5 ), one may evaluate which disturbances may release SOC and what measurements would mitigate SOC losses. Conversely, we may apply this framework in the reverse direction. Given some ongoing or historical management practices (path B, Figure 5 ), we can work inward and to assess what processes could be most affected. Carbon cycle science can also be reframed from the biological, chemical, and physical processes paradigm presented in Figure 2 to a land management perspective (Table 1) . See Supplemental Materials SM2 for more precise definitions and references.
Modeling with computational and conceptual paradigms is an integral part of the scientific process that greatly enhances our ability to understand variations among spatial and temporal scales and to precisely and accurately estimate and predict changes in SOC.
Conceptual paradigms that form the scientific basis for our computational models were initially based on "humification" processes (Hedges, 1988 ; RothC model (Jenkinson & Rayner, 1977) and
An approach for applying management options to the science of soil organic carbon (de)stabilization. Three general classes of soil carbon (de) stabilization processes (biological, chemical and physical) are fundamental to understanding the susceptibility of soils to disturbance (e.g., compaction and erosion, etc.). As such, knowledge of the relevant mechanism at play for a given soil can inform key measurements needed (e.g., soil infiltration and sediment transport) and effective management strategies (e.g., diversify vegetation/ minimize use and plant stabilizing vegetation/control runoff) [Colour figure can be viewed at wileyonlinelibrary.com]
Century model (Parton, Schimel, Cole, & Ojima, 1987) ). The community is increasingly recognizing the role of microbial access to SOC and its stabilization involving specific mechanisms described in Figure 2 (Averill et al., 2014; Cotrufo et al., 2015; Jastrow, 1996; Kaiser & Kalbitz, 2012; Keiluweit et al., 2015; Lehmann & Kleber, 2015; Six et al., 2000) . Measurements used to drive and test these models vary and are often not structured experimentally to test one model over another. As discussed above in section 2, issues of spatiotemporal scaling must address whether mechanisms and functions change or vary between spatial and/or temporal scales. Thus, as models increasingly incorporate these new ideas into mathematical frameworks, new paradigms can emerge (e.g., Allison, Wallenstein, & Bradford, 2010; Sulman, Phillips, Oishi, Shevliakova, & Pacala, 2014; Wieder et al., 2015) . Moreover, soil datasets and databases are needed to evaluate models (Shao et al., 2013; Todd-Brown et al., 2013) . The ISCN strives to openly share modeling code and specific parts of models along with data used to drive and test model performance ( Figure 6 ).
T A B L E 1 Linkages between soil health indicators and soil organic carbon (SOC). Soil health indicators are readily measured soil properties that are used to diagnose the ability of soil to provide services such as nutrient cycling, erosion mitigation, water storage, or microbial activity. Many of these soil health indicators relate directly to SOC content, and many can be ameliorated through restorative practices that increase soil organic matter (SOM) and SOC. For all examples listed, the practices that enhance soil health also restore (and enhance) SOM and SOC, thus what is good for the goose (soil) is good for the gander (atmosphere). Based on these example, scientists and land managers can readily agree that management practices that protect, promote, and conserve soil carbon are practices that prevent erosion, provide and preserve water and nutrient capacity In addition to simply sharing model codes, it is also becoming clear that a community-based model could emerge from the soils community.
In particular, modular frameworks with water, temperature, and plant production modules would allow for "plug and play" with new SOC Ogle et al., 2014) .
As soil or belowground datasets are collected, compiled, and assembled for specific questions or assessments there is an emerging opportunity for big soil data to be incorporated into a searchable database for soil properties, and serve as a platform for syntheses of soil dynamics and large spatial and temporal scales. Empirical models could be structured from a searchable, robust database, but we could also challenge our conceptual and computational models with robust data. This so-called "long tail" of data has been identified in other fields (Dietze et al., 2014) and represents data that have been collected but, for one reason or another, are not easily available for reanalysis or syntheses (Wolkovich, Regetz, & O'Connor, 2012 
| Interoperability of ISCN
While these international efforts of the ISCN gain momentum, there are parallel requirements to coordinate and share technology, data, protocols, and experiences to maximize resources and generate knowledge. Arguably, this can only be achieved by increasing interoperability within ISCN and among partner networks, organizations, and members. Interoperability is broadly defined as the ability of a system to work with or use the parts of another system (Chen, Doumeingts, & Vernadat, 2008; Vargas et al., 2017) .
Challenges related to conceptual barriers include syntactic and semantic differences in the types of information (Madin, Bowers, Schildhauer, & Jones, 2008) ; technological barriers such as incompatibility of information technologies (e.g., methods to acquire, process, store, exchange, and communicate data; Peters, Loescher, e714 | SanClements, & Havstad, 2014) ; organizational barriers related to current institutional responsibility and authority such as with institutions, networks, or governments (Supplemental Table S3 ); and cultural barriers that can be country-specific but must be considered to increase interoperability of networks .
| CONCLUSIONS
Soils have entered an "anthropogenic state," with most of the global surface area either directly managed by humans or indirectly influenced by human activities. As a result, soils globally have lost SOC since at least the Industrial Revolution, with direct impacts on climate, ecosystem productivity, and resilience to disturbance. There is a crucial need to improve our science and to communicate our findings. In this paper, we identified the following goals: (1) identify key data needed to improve our detection of SOM and SOC trends using our understanding of SOC stabilization and destabilization mechanisms, (2) set up communication and sharing infrastructure to rescue, centralize, and disseminate currently disparate soil datasets relevant to critical soil processes, (3) develop a robust and modular modeling platform for comparing process-based models that would move field data and localized experiments into a framework to test Earth System processes at local to broader scales, and (4) improve the connection between soil C-cycle science and land management science and practices. These goals can be achieved through improving the exchange of ideas, data, modeling tools, and by sharing information and supporting other networks, organizations, and institutions.
Processes that influence changes in SOC have been defined and quantified over the past several decades, and metrics for soil health, degradation, and storage are beginning to reflect the interdisciplinary science needed to link soil/land/ecosystem/crop productivity to CO 2 budgets at various scales. Growing populations, increased land use, and intensified land use compel us to merge the sciences of soil health with SOC biogeochemistry. The current state of our soils, as well as the opportunities and vulnerabilities that result from different land management practices, are of particular importance. In addition, quantifying the optimal SOC storage capacity of soils would provide a benchmark to further assess human impact on soils and help quantify potential benefits of altered soil management practices.
